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Suspended load dynamics were analyzed for the period 2007e2009 in a semi-meandering
cross-section under different hydrological conditions. Samples were collected at four
different points of the cross-section. During “low discharges” (600 m3/s) suspended load
samples were collected at-a-monthly basis, whereas at “high discharges” (>600 m3/s)
sampling was conducted intensively (at-a-daily basis during the first stages of the flood
event). Results indicated that during low discharges, both organic and inorganic suspended
load concentrations tended to be uniformly distributed across the fluvial section; but
during high discharges, two distinct areas were found: an area extending from the “Inner-
bank” to the “Channel centre” (Area-I) with higher suspended concentrations (organic and
inorganic) than those recorded in the “Outer bank” (Area-II). This phenomenon was likely
related to the formation of secondary flow velocity cells and the activation of new sources
of sediment. In addition, a non-significant relationship between organic suspended load
and water flow was observed in the outer-bank. At-a-monthly basis, the analysis of the
suspended load showed the existence of an intra-annual cycle of the inorganic concen-
trations, with a progressive increase from October to March followed by a decrease from
March to September. Nevertheless, the organic suspended load did not show any trend,
being equally distributed along the year, suggesting that other sources of organic matter
besides phytoplankton are predominant.
ª 2012 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction In low-land rivers suspended load concentration at a givenRivers are significant geomorphologic agents in transferring
water and sediment from the land surface to the oceans. In
such function, twomajormechanisms are available to explain
the natural transport of sediments: the transport in the bed
layer and the transport of suspended load (Maza-A´lvarez and
Garcı´a-Flores, 1996). Generally, suspended load is the largest
fraction of the load moved by the river and commonly repre-
sents up to 90% of the total load exported. That load is
maintained into suspension by the vertical component of
turbulence in flowing water.7; fax: þ34 977 74 41 38.
A. Rovira), Carles.Alcaraz
er CC BY-NC-ND license.point may not be the same as the concentration at another
point or as the mean concentration for the whole section
(Thomas, 1985). Short-term variations in hydraulic parame-
ters (e.g. velocity gradient), as well as in sediment sources (i.e.
hysteretic phenomenon) or transport dynamics (e.g. bed-
forms), leads to the variability of suspended solid concentra-
tions over space and time (e.g. Asselman, 1999; Alexandrov
et al., 2003; Hudson, 2003), as well as, in longitudinal
and in transversal directions (Lewis and Saunders, 1984;
Horowitz et al., 1989; Hunter, 1997). Consequently, the
complexity of fluvial suspended load processes difficult@irta.cat (C. Alcaraz), Carles.ibanez@irta.cat (C. Iba´n˜ez).
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Glysson, 1999). Furthermore, the required measurements
and related analyses of sediment data are expensive and
highly labour intensive (Collins et al., 1998). As a result, several
studies have focused on the assessment of suspended-load
data accuracy (e.g. Bonacci, 1981; Burkham, 1985); the effects
of sample collection (e.g. Phillips and Walling, 1995); the
comparison of existing suspended-load measurement tech-
niques for the selection and use of the adequatemeasurement
equipment (Wren et al., 2000); or the development of new
techniques for sampling suspended material (e.g. Phillips
et al., 2000). Nevertheless, little attention has been paid to
investigate the spatial cross-sectional suspended load varia-
tions (e.g. Lewis and Saunders, 1984; Horowitz et al., 1989;
Gupta and Chakrapani, 2007) despite its importance in, for
instance, the effects on water quality (Golterman et al., 1983),
fish habitat (e.g. Gregory and Levings, 1996; Vogel and
Beauchamp, 1999), transport of nutrients, tracer metals and
other contaminants (e.g. Allan, 1979; Horowitz et al., 2001).
Traditionally, geomorphologists and hydrologists have
focused on the total suspended load without discerning
between organic and inorganic fractions. In some cases,
hydromorphologists have discarded organic components
from suspended load samples focussing on the behaviour of
the inorganic fractions at proper spatiotemporal scales for the
development of sediment-rating curves and estimation of
sediment yields, often as an indicator of changing land uses
(Beschta, 1981). In contrast, the interest of stream ecologists
on sediments has often focused on the role of suspended load
in water quality degradation, for example its deleterious
impacts on biological communities (e.g. Waters, 1995), or the
role of organic suspended load in providing food resources for
aquatic biota from headwater to downstream reaches (e.g.
Wallace and Grubaugh, 1996). Therefore, stream ecologists
often have discarded information on the mineral fraction,
being concentrated on the importance of the organic fraction
of suspended load (Wilzbach et al., 2009). Consequently, the
failure to distinguish between organic and inorganic compo-
nents of the suspended load or to consider the full suite of
information present in suspended load samples has hindered
a full understanding of sediment dynamics as it affects stream
health and reflects watershed condition (e.g. Minshall, 1996).
Thus, a general lack of studies determining the organic and
inorganic concentrations and dynamics exists, especially in
large rivers.
Over the last twodecades, several studieshave been carried
out in the lower Ebro River and its estuary in order to analyze,
among other subjects, the sediment transport dynamics and
hydrodynamics (e.g. Guillen and Palanques, 1992; Vericat and
Batalla, 2005, 2006; Vericat et al., 2006; Tena et al., 2011); the
effects of reservoirs in the sediment transport (e.g. Varela et al.,
1986; Iba´n˜ez et al., 1996, 2012; Sanz et al., 1999; Batalla et al.,
2004, 2006); the water and sediment management from
reservoirs (e.g. Iba´n˜ez et al., 1997; Iba`n˜ez and Prat, 2003; Rovira
and Iba´n˜ez, 2007; Batalla and Vericat, 2009), and the past and
present Ebro Delta evolution (e.g. Jime´nez and Sa´nchez-
Arcilla, 1993; Jime´nez et al., 1995; Canicio and Iba´n˜ez, 1999).
Despite the existence of these studies, the suspended load
dynamics before entering the Ebro delta remains largely
unknown. The current study aims to examine the spatial andtemporal suspended load dynamics at-a-cross-section in the
lowermost parts of the Ebro River (the largest river of the
Iberian Peninsula). Analyses are based on intensive field
observations collected during two consecutive years. Of
particular interest is the exploration of both organic and
inorganic suspended load dynamics under different hydro-
logical conditions (e.g. low and high discharges).2. Materials and methods
2.1. Study site
The study has been carried out in the lowermost reach of the
Ebro River (drainage area 85,534 km2), during the hydrological
years 2007/2008 and 2008/2009. The study section is located in
Tortosa (drainage area 83,093 km2), 170 m downstream of
a bend (Fig. 1) in a 116m channelized section, which precludes
both the lateral mobility of the river banks and the overflow of
the alluvial-plain. At the right-bank there is a well-developed
point bar. In the study cross-section, the bed surface sediment
ranges in size from very fine gravel to small cobbles. Grain
sizes are sorted by location, becoming coarser from the lateral
point bar (D50 surface ¼ 12.5 mm) to the opposite riverbank
(26.3 mm), yielding amean riverbed surface D50 of 18mm. The
mean hydraulic-channel slope is estimated at 0.0005; and
bank-full discharge (z1100m3/s; based on 1.5 return period) is
equalled or exceeded 3.5% of the time (period 1968e2004)
(Batalla et al., 2004).
During the study period the mean annual water yield was
calculated in 8609 hm3; well below the long-term average
(11,317 hm3/yr) of the last decades. The period is thus classi-
fied as dry. Annually (OctobereSeptember) the water yield
was 7357 hm3 in 2007e2008 and 9861 hm3 in 2008e2009. The
mean discharge for the period 2007/2009 was 272 m3/s, giving
a mean specific value of 0.003 m3/s/km2. The flowwas highest
in May (540 m3/s), and lowest in July (132.5 m3/s).
2.2. Data collection
The sampling programme was based on hydrological condi-
tions and divided into “low discharges” (600 m3/s) and “high
discharges” (>600 m3/s). This threshold flow condition was
defined as the critical discharge for the entrainment of surface
riverbed particles, established from bed load samples
collected at two different points of the river cross-section.
Samples were collected by means of a HelleyeSmith sampler
(29 kgweight, 76.2mm inlet andmesh size diameter 0.45mm),
and below 600 m3/s no riverbed particle movement was
observed. During “low discharges” suspended load samples
were collected at-a-monthly basis (although occasionally the
interval time was reduced in order to incorporate the
maximum number of sampled flows). For “high discharges”
sampling was conducted intensively (e.g. at-a-daily basis
during the first stages of the flood event). Sampling points
were established avoiding the potential effects of the bridge
located in the study cross-section (Fig. 1). Hence, points were
settled, from the right-bank of the cross-section, as follows:
18 m (hereafter, Inner-bank or Ib); 40 m (Inner-bank-Centre
channel or IbeCc); 55 m (Centre channel or Cc) and, 108 m
Fig. 1 e Localization of the study section in the Ebro River basin (NE Iberian Peninsula) and sketch plan of the study section.
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1500 m3/s we were not able to sample the Ob because of the
extreme flow conditions (e.g. mean flow velocity up to 2.5 m/s
for a discharge of 770 m3/s) and the massive presence of
material transported in flotation (e.g. debris wood or macro-
phytes) preventing us from carrying out the sampling under
secure conditions. In general terms, no significant water
discharge variations were observed within each sampling day
because of the flow regulation from reservoirs.
Integrated water samples were obtained by means of
a 29 kg cable-suspended depth-integrating US D74. For
discharges below 1500 m3/s, sampling was performed from
a boat. During flows above 1500 m3/s, the sampler was low-
ered from a bridge using a mobile crane placed at 8 m above
water level. During “low discharges” two successive sequen-
tial measurements per vertical were carried out at four verti-
cals. During “high discharges” from three to five traverses
(depending on the water stage) were carried out to account for
temporal variations. Once the first traverse was finished, the
second traverse was initiated starting from the first verticalsampling point. Sampling was always performed from the Ib
to the Ob sampling point. The total sampling duration per day
ranged from 2 to 3 h depending on the number of traverses
and the flow conditions. The sampling interval (the interval
that elapses between consecutive samples) from one vertical
to another vertical ranged from 15 to 30 min and from 2 to
4 min between two consecutive samples taken at the same
point. A volume of 0.75 L of water was collected per sample.
During the first 3 days, the sampling frequency was more
intense, decreasing over the following days. This sampling
scheme was designed to capture the maximum variations in
hydraulic parameters (i.e. flow velocity, depth and width of
the channel) observed during the first flood stages.
Water discharge was obtained from the gauging station
located 130 m upstream from the cross-section. For
discharges below 1500 m3/s, flow velocity was measured at
60% of the water column depth by means of a current-meter
(model Valeport Braystoke BFM001). At least, three succes-
sive flow measurements were made at the same locations
where samples were taken. Overall, 264 depth integrated
Fig. 2 e Principal component analysis (PCA) of the
measured hydrological variables. Factor loadings of the
variables (C) and sampling point scores on the first two
principal component axes are shown.
wat e r r e s e a r c h 4 6 ( 2 0 1 2 ) 3 6 7 1e3 6 8 13674water and suspended load samples were collected during the
two study years. We were considering all suspended load
particles transported in suspension through thewater column
above 7.6 cm from the riverbed. This limit was marked by the
height of the sampler load such as Emmett (1979), among
others, established from his work at the Oak Creek (Oregon,
USA).
Water and suspended load samples were filtered by using
45 mm cellulose filters in a 24e48 h time lag. Before filtering,
filters were washed with distilled water and burned at 450 C
for 5 h. Total suspended load concentrations were computed
from the differences in filter weight (pre- and post-filtering).
Once filters were dried (at room temperature) and weighed,
these were burned at 450 C for 4 h to determine the total
inorganic and organic matter contained in each sample
(ASTM, 1997). Grain size distribution of the samples was not
carried out since the previous work of Mun˜oz and Prat (1989)
showed that most of the particulate material transported in
suspension in the lowermost Ebro River is very fine (between
0.45 and 50 mm).
2.3. Statistical analysis
Principal component analysis (PCA) was applied to explore the
patterns of association among hydraulic and sedimentolog-
ical variables. KaisereMeyereOlkin’s (KMO) measure of
sampling adequacy was used to assess the usefulness of
a PCA. KMO ranges from 0 to 1 and should be >0.5 if variables
are sufficiently interdependent for PCA to be useful
(Tabachnick and Fidell, 2001). Differences in both organic and
inorganic suspended load concentration among sampling
points were first analyzed with multiple analysis of covari-
ance (two-way MANCOVA), using water flow as covariate.
Multivariate analysis of variance (two-wayMANOVA)was also
used to compare suspended load concentrations (organic and
inorganic) among sampling points and between discharge
types (high and low discharges). MANOVA is used when
several dependent variables are measured on each sampling
unit instead of only one variable. MANOVA compares the
mean vectors of k groups, whereas equality of themean vector
implies that the k means are equal for each variable. If two
means differ for just one variable then it is concluded that the
mean vectors of the k groups are different (Sokal and Rohlf,
1995). MANCOVA is similar to MANOVA, but controlling for
the effects of continuous independent variables, the cova-
riates. In addition to P values, the partial eta squared (hp
2) was
used as ameasure of effect size. Like the regression coefficient
(r2), hp
2 is the proportion of variation explained for a certain
effect (effect sum-of-squares (SS)/(effect SS þ error SS)), and
has the advantage over eta squared (effect SS/total SS) of not
depending on the number of sources variation used in the
ANOVA (i.e. it could be compared among different designs),
because it does not use the total SS as the denominator
(Tabachnick and Fidell, 2001). In contrast to P value, the hp
2 has
the advantage that allows the proper comparison of treat-
ments (e.g. lower P value does not necessarily mean that
a factor has stronger effect) (Alcaraz et al., 2008). To further
describe the variation of both organic and inorganic concen-
tration along the hydrological cycle (month 1 corresponding to
October), generalized additive models (GAMs) (Leps andSmilauer, 2003) were also fitted. GAMs are an extension of
the generalized linear models that, unlike more conventional
regression methods, do not require the assumption of
a particular shape for the response variable distribution along
the environmental gradient (Leps and Smilauer, 2003). Model
complexity was selected by the stepwise selection procedure
using the Akaike information criterion (AIC). The AIC not only
considers the goodness of fit but also parsimony; penalizing
very complex models (Burnham and Anderson, 1998).
Prior to analysis, all quantitative variables were trans-
formed to improve homoscedasticity and linearity. All statis-
tical analyseswere performedwith SPSS 18.0, except for GAMs
where R software 2.12.0 with GAM 1.03 library was used.3. Results
3.1. Dynamics of organic and inorganic suspended load
concentrations at-a-cross-section
The PCA showed that the main trend was an increment of
sediment load with water flow (Fig. 2). As expected, all of the
analyzed variables were interdependent and significantly
highly correlated among them (Table 1). The KMO’s measure
of sampling adequacy (0.72) indicates the usefulness of the
PCA, with the first two axes explaining, respectively, 75.2%
and 14.8% of the total variation (Fig. 2). The strongest corre-
lations were found between suspended organic and inorganic
concentration; and between suspended inorganic concentra-
tion and water discharge (Table 1). These variables were all
positively correlated among them and opposed to percent of
suspended organic load (Table 1; Fig. 2). The first PCA axis
summarized these correlations displaying a seasonal gradient
Table 1 e Pearson’s correlation coefficients between hydraulic and sedimentological variables recorded in the Ebro River
cross section.
Variable Depth
(m)
Flow
(m3/s)
Inorganic
load (mg/L)
Organic
load (mg/L)
Total
load (mg/L)
Organic
rate (%)
Velocity
(m/s)
Flow (m3/s) 0.419c
Inorganic load (mg/L) 0.389c 0.817c
Organic load (mg/L) 0.147a 0.479c 0.765c
Total load (mg/L) 0.373c 0.785c 0.990c 0.835c
Organic rate (%) 0.406c 0.815c 0.863c 0.350c 0.806c
Velocity (m/s) 0.820c 0.735c 0.593c 0.192b 0.559c 0.635c
Rate inorg.  org. load 0.395c 0.787c 0.856c 0.367c 0.811c 0.992c 0.609c
a < 0.01.
b < 0.001.
c < 0.0001.
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the wettest month (May). The second PCA axis distinguished
a-cross-section gradient, from the outer-bank (with highest
depth and velocity but lowest organic and inorganic sus-
pended load concentrations) to the inner bank (with lowest
depth and velocity but highest organic and inorganic sus-
pended load concentrations). The central parts of the fluvial
channel appeared as transitional points (Fig. 2). In addition,
the PCA indicated that during low discharges suspended load
concentrations were similar across the section; but an
increase in flow discharge resulted in a differentiation from
the outer-bank to the rest. Accordingly, under high flows, the
Ib, IbeCc and Cc sampling points showed similar organic and
inorganic concentrations (Fig. 2).
The MANCOVA test indicated that suspended load
concentration significantly depended on water flow (Wilks’s
l ¼ 0.34; F2, 394 ¼ 383.6; P < 0.0001); but differed significantly
among sampling points (Wilks’s l ¼ 0.93; F6, 788 ¼ 5.09;
P < 0.0001) and sampling point  water flow interaction
(Wilks’s l ¼ 0.92; F6, 788 ¼ 5.80; P < 0.0001). These differences
were mainly explained because for a given flow, suspendedFig. 3 e Relationship of both inorganic (left) and organic (righload concentrations tended to be lower at the Ob than in Ib,
IbeCc and Cc sampling points (Figs. 2 and 3), according to the
fitted regression lines, the interception point is situated at ca.
250 m3/s for both organic and inorganic suspended load
(Fig. 3). Therefore, when the Ob point was excluded from the
MANCOVA analysis, differences among sampling points and
their interaction were not significant (P ¼ 0.50 and P ¼ 0.42,
respectively) (see also Table 2). The ANCOVA test confirmed
this pattern (Table 2). Results also revealed that both organic
and inorganic concentration significantly differed among
sampling points (MANOVA, Wilks’s l ¼ 0.96; F6, 788 ¼ 2.53;
P ¼ 0.019), discharge type (Wilks’s l ¼ 0.64; F2, 394 ¼ 110.6;
P < 0.0001) and, marginally, their interaction (Wilks’s l ¼ 0.97;
F6, 788 ¼ 2.06; P ¼ 0.056). These differences were mainly
explained by the discharge type (hp
2 ¼ 0.40); since the sampling
point and their interactions had a minor weight (hp
2 ¼ 0.02 and
hp
2 ¼ 0.01, respectively). The univariate tests (ANOVA) indi-
cated that sampling point differences were related to the Ob
sampling point (Table 3). In fact, in the Ob sampling point the
discharge type had a lower significantly positive effect on
inorganic load concentration (ANOVA; F2, 330 ¼ 21.75;t) suspended load per sampling point with water flow.
Table 2eANCOVAs of the sediment loads at-the-cross-section of the lower Ebro River per sampling point (factor) andwater
flow (covariate) (top) and excluding Ob sampling point from the analysis (bottom).
Variable Explained variation
(adjusted R2)
Among points Log (Q (m3/s)) Among points  Log (Q (m3/s))
F3, 395 P hp
2 F1, 395 P hp
2 F3, 395 P hp
2
Log (inorganic load (mg/L)) 0.686 8.38 <0.0001 0.06 37.36 <0.0001 0.60 9.34 <0.0001 0.07
Log (organic load (mg/L)) 0.281 8.31 <0.0001 0.06 2.45 <0.0001 0.16 9.64 <0.0001 0.07
F2, 331 P hp
2 F1, 331 P hp
2 F2, 331 P hp
2
Log (inorganic load (mg/L)) 0.673 0.36 0.70 0.002 39.83 <0.0001 0.65 0.34 0.71 0.002
Log (organic load (mg/L)) 0.261 0.60 0.55 0.004 3.94 <0.0001 0.25 0.68 0.51 0.004
wat e r r e s e a r c h 4 6 ( 2 0 1 2 ) 3 6 7 1e3 6 8 13676P < 0.0001); but not on organic load (P ¼ 0.58) (Fig. 4). In
contrast, the Ib, IbeCc and Cc sampling points showed
a significant increment of both inorganic and organic sus-
pended load concentrations during high discharges (MAN-
OVA; Wilks’s l ¼ 0.61; F2, 330 ¼ 106.4; P < 0.0001) (Table 2 and
Fig. 4); with no differences in concentration among sampling
points (P ¼ 0.88) or sampling point  discharge type interac-
tion (P ¼ 0.71) (Fig. 4 and Table 3). Hence, during low
discharges, the four sampling points showed similar values of
both organic and inorganic suspended load concentrations;
but during high discharges the increase of inorganic concen-
tration tended to be higher in Ib, IbeCc and Cc than in Ob
(Fig. 4). As a result, a differential behaviour of the suspended
load concentrations at-a-cross-section was inferred during
high discharges and two well-differentiated areas along the
cross-section were defined: one area including the Ib, IbeCc
and Cc sampling points (hereafter Area-I), and a second area
including the Ob sampling point (Area-II). Area-I showed
higher concentrations of both organic and inorganic loads
during high discharges, but lower flow velocity and water
depth.
3.2. Intra-annual variation of the organic and inorganic
suspended load concentrations
At-a-monthly bases, the analysis of the suspended load
concentrations showed the existence of an intra-annual cycle
of the inorganic load. The response curves (GAMs) of inorganic
suspended load concentrations illustrated a clear relationship
with the hydrological fluvial regime (Fig. 5). The AIC test
selected a unimodal response for inorganic concentration for
bothArea-I (Deviance¼ 2.99, non-linear F1, 21¼ 4.78, P¼ 0.040),
andArea-II (Deviance¼ 1.17, non-linear F1, 21¼ 4.35, P¼ 0.049),Table 3eANOVAs of the sediment loads at-the-cross-section of
(top) and excluding Ob sampling point from the analysis (botto
Variable Explained variation
(adjusted R2)
Among points
F3, 395 P hp
2
Log (inorganic load (mg/L)) 0.398 3.48 0.016 0.0
Log (organic load (mg/L)) 0.131 4.90 0.002 0.0
F2, 331 P hp
2
Log (inorganic load (mg/L)) 0.353 0.23 0.79 0.00
Log (organic load (mg/L)) 0.188 0.40 0.67 0.00with inorganic suspended load concentrations peaking in
FebruaryeMarch (Fig. 5). Accordingly, the inorganic concen-
trations increased progressively from October (hydrological
month 1) to March and decreased from March to September.
Nevertheless, for the organic concentrations, GAMs analysis
did not selected any model performing better than the null
model (intercept only) (Deviance ¼ 0.61 for Area-I and 0.45 for
Area-II), indicating that the organic suspended load concen-
trations were equally distributed along the year; being always
higher in Area-I than in Area-II (Fig. 5). Consequently, the
sediment composition followed an annual cycle with an
increase in the percentage of the inorganic suspended load
(non-linear F1, 20 ¼ 4.71, P ¼ 0.021, and non-linear F1, 20 ¼ 5.63,
P¼ 0.011 for Area-I and Area-II, respectively) and a decrease in
the percentage in the organic suspended load from October to
March (Fig. 5).4. Discussion
Several studies (e.g. Vanoni, 1977; Ongley and Blachford, 1982;
Horowitz et al., 1989) have shown that the major source of
variation of the suspended load concentration at-a-cross-
section is related to particle sizes coarser than 62 mm. In
contrast, fractions below 62 mm are homogeneously distrib-
uted along the fluvial channel. These particles sizes are
mainly controlled by the supply of this material while sand
fractions are mainly originated from erosion of the bed and
banks of the river. Thus, the amount of sand (>62 mm in
particle size) in the suspended load is directly proportional to
the turbulence and an increment of flow discharge is corre-
sponded with a suspension of sand (lifted from riverbed and
banks) because the turbulent forces (Ongley, 1996). Karlssonthe lower Ebro River per sampling point and discharge type
m).
Discharge type Among points  discharge type
F1, 395 P hp
2 F3, 395 P hp
2
3 160.8 <0.0001 0.29 0.13 0.013 0.03
4 19.65 <0.0001 0.05 3.28 0.021 0.02
F1, 331 P hp
2 F2, 331 P hp
2
1 154.6 <0.0001 0.31 0.91 0.40 0.005
2 29.2 <0.0001 0.10 0.32 0.72 0.002
Fig. 4 e Effect of discharge type (“low” £ 600 m3/s and
“high”> 600 m3/s) on the inorganic (top) and organic
(bottom) suspended load for the four different sampling
points. Error bars show the standard error of the mean by
point. See Table 2 for statistical details.
wat e r r e s e a r c h 4 6 ( 2 0 1 2 ) 3 6 7 1e3 6 8 1 3677and Rahmberg (1999) observed this dynamics in the Odzi River
(Zimbabwe), relating the lateral distribution of the suspended
sediment concentrations to the sand fractions that were lifted
from the bed into suspension because the turbulent eddies
and the morphology of the fluvial channel. In a similar way,
Asselman (1999) in the Rhine River (German) described that
once a certain discharge threshold was exceeded, sediment
supply to the river increased, and sediment was picked up
from the riverbed, resulting in a rapid increase in suspended
sediment concentrations. In the Ebro River, results showed
that during low flows, suspended load concentrations tended
to be homogeneous across the section. However, once a crit-
ical discharge was exceeded (i.e. 600 m3/s), two well-differ-
entiated areas were observed. The progressive incorporation
of sand fractions that are lifted from the riverbed, as well as
the activation of new sources of sediment (e.g. river banks,point bars, etc.), probably explained this differential behaviour
of suspended concentrations during low and high discharges.
Further data are needed to document the different patterns of
suspended load incorporation and vertical distribution into
the river flow.
Our results also showed a differential behaviour of the
suspended load concentration from the outer-bank to the
inner-bank, mainly during high flows. These results differed
from those obtained by Horowitz et al. (1989) and Lewis and
Saunders (1984) who observed the lowest suspended load
concentrations in samples closest to the banks because of the
higher velocities of the river near its core. However, in river
bends, an increase of water discharge results in a super-
elevation of water at the outer-bank bend. Consequently,
a pressure gradient is developed across the section forming
a compensatory secondary flow from the outer-bank (high
pressure) to the inner-bank (low pressure) of the curve (i.e.
Hickin, 1978; Markham and Thorne, 1992; Hooke, 1997),
moving sediment from the external to the internal bank
(Dietrich and Smith, 1983, 1984) where it is normally deposited
forming a point bar (Charlton, 2008). In the analyzed section of
the lowermost Ebro River two elements support the hypoth-
esis of the secondary flow formation: first, the presence of
a well-developed point bar at the inner-bank of the river bend;
and second, the existence of a differential behaviour (from the
outer to the inner) of the suspended load concentrations.
Based on these observations, it is hypothesized that an
increment of the water discharge stands for the formation of
secondary flow velocity cells that tend to transfer the sus-
pended load from the Ob to the Ib. However, a detailed study
of flow velocity profiles is needed to confirm this hypothesis.
Altogether, the transport pattern of organic suspended
load differed from that of inorganic load. More inorganic
sediment is entrained and transported during high
discharges, so organic matter as a component of the sus-
pended load is not dominant. In contrast, the organic partic-
ulate material largely contribute to the total suspended load
during base flow, because it is only one-third the bulk density
of the inorganic fraction and have a higher surface-to-volume
ratio (Sedell et al., 1978). Accordingly, organic particles stay in
suspension longer than inorganic particles, and so once
entrained in the water column, they tend to remain sus-
pended (e.g. Madej, 2005). Consequently, organic suspended
load is more related to the supply than to the hydraulics, as it
is reflected in the weak relationship between suspended
organic concentration and discharge (Mayorga and
Aufdenkampe, 2002; Townsend-Small et al., 2008; Molla´
et al., 2006). The percentage of organic suspended load
decreased with increasing discharge; passing from a mean
value of 32% during low discharges to 14% during high
discharges. Even though the percentage of organic fraction
decreased with increasing water discharge, the mass trans-
port of organic load increased because of the increasing
volume of water indicating that most transport occurs during
high flows as reported by Madej (2005) or Wilzbach et al.
(2009).
At-a-monthly bases, the analysis of the suspended load
concentration showed the existence of an intra-annual cycle
of the inorganic load similar to that described by Tena et al.
(2011) in a section located 40 km upstream of the study
Fig. 5 e Response of inorganic (top) and organic (bottom) suspended load with hydrological month (1[ October) for the two
different areas. Lines are the generalized additive models selected by the Akaike information criterion (AIC).
wat e r r e s e a r c h 4 6 ( 2 0 1 2 ) 3 6 7 1e3 6 8 13678section, where suspended sediment concentration increased
from October to May and decreased from May to September,
because the number and magnitude of the floods recorded,
and the progressive exhaustion of the fine sediment during
the succession of floods. Similar sequences were described in
the Rhine River (Germany), Panuco River (Mexico) and in the
Tordera River (Spain) (Asselman, 1999; Hudson, 2003; Rovira
and Batalla, 2006, respectively).
Results also pointed out that the organic suspended load
concentration was equally distributed along the year. In the
1960s, the construction of large dams in the lower Ebro (Iba´n˜ez
et al., 1996) represented a significant retention of particulate
material; for instance, Roura et al. (2008) reported that 97% of
the inorganic suspended load and 45% of particulate organic
matter is retained in the Mequinensa Reservoir (located ca.
69 km upstream from the studied river section). Also, the
intensification of human activities together with the sus-
pended sediment retention into the reservoirs leads to an
increase of nutrients until the beginning of the 1990s. But,
during the last 20 years, the significant decrease in dissolved
phosphorus caused the decrease in phytoplankton and thesubsequent spread of macrophytes (mainly Potamogeton pec-
tinatus) downstream of the reservoirs (Iba´n˜ez et al., 2012).
Consequently, the lower Ebro River has recently undergone an
ecosystem shift from a phytoplankton-dominated to
a macrophyte-dominated system (Iba´n˜ez et al., 2012)
producing a decrease in the organic matter content and
a more regular temporal pattern.5. Conclusions
1) At low flows, the organic and inorganic concentrations
transferred in suspension across the fluvial section tended
to be homogeneous. Consequently, the circulation of the
suspended load along the cross-section is expected to be
uniformly distributed.
2) During high flows, two distinct areas within the cross-
section were found: an area extending from the Ib to the
Cc (Area-I) where suspended concentrations (both organic
and inorganic) tended to be higher than those recorded in
the CceOb section (Area-II). This dynamics could be
wat e r r e s e a r c h 4 6 ( 2 0 1 2 ) 3 6 7 1e3 6 8 1 3679associated to the formation of convective cells that tend to
transfer the suspended load from the Ob to the Ib, and the
suspension of the sand particles located in the riverbed.
Therefore, a general tendency to an utmost circulation of
both organic and inorganic suspended load through Area-I
is expected.
3) At-a-monthly basis, organic suspended concentrations did
not show a concentrationemonth relationship; being
equally distributed along the year. In contrast, inorganic
suspended concentration indicated the existence of
a seasonal trend with a maximum during winter and
a minimum during summer months.Acknowledgements
This work was carried out within the research project
CGL2008-01442 funded by the Spanish Ministry of Science and
Innovation and the Water Catalan Authorities (ACA). CA held
a postdoctoral fellowship from the Spanish National Institute
for Agricultural and Food Research and Technology (INIA).
Authors are indebted to Lluis Jornet and David Mateu for their
assistance during fieldwork and Rosa Valman˜a for support in
laboratory tasks.r e f e r e n c e s
Alcaraz, C., Pou-Rovira, Q., Garcı´a-Berthou, E., 2008. Use of
a flooded salt marsh habitat by an endangered cyprinodontid
fish (Aphanius iberus). Hydrobiologia 600, 177e185. doi:10.1007/
s10750-007-9230-y.
Alexandrov, Y., Laronne, J.B., Reid, I., 2003. Suspended Sediment
Transport in Flash Floods of the Semiarid Northern Negev,
Israel, vol. 278. IAHS Publication, pp. 346e352.
American Society for Testing and Materials (ASTM), 1997.
Standard Test Methods for Determining Sediment
Concentration in Water Samples (ASTM Designation: D-3977-
97). ASTM, West Conshohocken, Pennsylvania.
Asselman, N., 1999. Suspended sediment dynamics in a large
drainage basin: the river Rhine. Hydrological Processes 13,
1437e1450.
Allan, R.J., 1979. Sediment-related fluvial transmission of
contaminants: some advances by 1979. Inland Waters
Directorate, Environment Canada, Scientific Series, No. 107,
24 p.
Batalla, R.J., Go´mez, J.C., Kondolf, G.M., 2004. Reservoir-induced
hydrological changes in the Ebro River basin (NE Spain).
Journal of Hydrology 290, 117e136. doi:10.1016/
j.jhydrol.2003.12.002.
Batalla, R.J., Vericat, D., Martı´nez, T.I., 2006. River-channel
changes downstream from dams in the lower Ebro River.
Zeitschrift fu¨r Geomorphologie 143 (Suppl. B.), 1e14.
Batalla, R.J., Vericat, D., 2009. Hydrological and sediment
transport dynamics of flushing flows: implications for
management in large Mediterranean rivers. Rivers Research
and Applications 25, 297e314. doi:10.1002/rra.1160.
Beschta, R.L., 1981. Increased bag size improves Helley-Smith
bedload sampler for use in streams with high sand and
organic matter transport. In: Walling, D.E., Tacconi, P. (Eds.),Erosion and Sediment Transport Measurement. IAHS
Publication, vol. 133. IAHS Press, Wallingford, UK, pp. 7e25.
Bonacci, O., 1981. Accuracy of suspended sediment
measurements in natural streamflows. Journal of Hydraulic
Research 19, 195e209.
Burkham, D.E., 1985. An approach for Appraising the Accuracy of
Suspended-Sediment Data. U.S. Geological Survey
Professional Paper 1333.
Burnham, K.P., Anderson, D.R., 1998. Model Selection and
Inference. Springer-Verlag, New York.
Canicio, A., Iba´n˜ez, C., 1999. The Holocene evolution of the Ebre
delta (Catalonia, Spain). Acta Geographica Sinica 54 (5),
462e469.
Charlton, R., 2008. Fundamentals of Fluvial Geomorphology, 234
p. Routledge, Abingdon, ISBN 978-0-415-33454-9.
Collins, A.L., Walling, D.E., Leeks, G.J.L., 1998. Use of composite
fingerprints to determine the provenance of the contemporary
suspended sediment load transported by rivers. Earth
Processes and Landforms 23, 31e52.
Dietrich, W.E., Smith, J.D., 1983. Influence of the point bar on the
flow through curved channels. Water Resources Research 19,
1173e1192.
Dietrich, W.E., Smith, J.D., 1984. Bed load transport in a river
meander. Water Resources Research 20, 1355e1380.
Edwards, T.K., Glysson, G.D., 1999. Field methods for
measurement of fluvial sediment. Techniques of Water-
Resources Investigations of the U.S. Geological Survey Book 3,
Applications of hydraulics. USGS Open-file Report, Book 3,
Chapter 2, pp. 1e97.
Emmett, W.W., 1979. A Field Calibration of the Sediment
Trapping Characteristics of the Helley-Smith Bedload
Sampler. U.S. Geological Survey Professional Paper 1139.
Golterman, H.L., Sly, P.G., Thomas, R.L., 1983. Study of the
Relationship between Water Quality and Sediment Transport.
UNESCO, Paris, UNESCO Technical Paper in Hydrology No. 26,
231 p.
Gregory, R.S., Levings, C.D., 1996. The effects of turbidity and
vegetation on the risk of juvenile salmonids Oncorhynchus spp,
to predation by adult cutthroad trout O. Clarkii. Environmental
Biology Fishes 47, 279e288.
Guillen, J., Palanques, A., 1992. Sediment dynamics and
hydrodynamics in the lower course of a river highly regulated
by dams: the Ebro River. Sedimentology 39, 567e579.
Gupta, H., Chakrapani, G.J., 2007. Temporal and spatial variations
in water flow and sediment load in the Narmada River.
Current Science 92 (5), 679e684.
Hickin, E.J., 1978. Mean flow structure in meanders of the
Squamish River, British Columbia. Canadian Journal of Earth
Sciences 15, 1833e1849.
Hooke, J.M., 1997. Styles of channel change. In: Thorne, C.,
Hey, R., Newson, M. (Eds.), Applied Fluvial Geomorphology for
River Engineering and Management. Wiley, Chichester,
pp. 237e268.
Horowitz, A.J., Rinella, F.A., Lamothe, P., Miller, T.L, Edwards, T.K.,
Roche, R.L., Rickert, D.A., 1989. Cross-sectional variability in
suspended sediment and associated tracer element
concentrations in selected rivers in the US. Sediment and the
Environment. Proceedings of the Baltimore Symposium, May
1989. IAHS Publication No. 184.
Horowitz, A.J., Elrick, K.A., Smith, J., 2001. Estimating suspended
sediment and trace element fluxes in large river basins:
methodological considerations as applied to the NASQAN
programme. Hydrological Processes 15, 1107e1132.
Hudson, P.F., 2003. Event sequence and sediment exhaustion in
the lower Panuco Basin, Me´xico. Catena 52, 57e76.
Hunter, H.M., 1997. Nutrients and suspended sediment
discharged from the Johnstone river catchment during
cyclone Sadie. In: Steven, A.D.L. (Ed.), Cyclone Sadie Flood
wat e r r e s e a r c h 4 6 ( 2 0 1 2 ) 3 6 7 1e3 6 8 13680Plumes in the Great Barrier Reef Lagoon: Composition and
Consequences, pp. 1e8.
Iba´n˜ez, C., Prat, N., Canicio, A., 1996. Changes in the hydrology
and sediment transport produced by large dams on the lower
Ebro River and its estuary. Regulated Rivers: Research and
Management 12, 51e62.
Iba´n˜ez, C., Canicio, A., Day, J.W., Curco´, A., 1997. Morphologic
development, relative sea level rise and sustainable
management of water and sediment. Journal of Coastal
Conservation 3, 1e12.
Iba`n˜ez, C., Prat, N., 2003. The environmental impact of the
Spanish National Hydrological Plan on the lower Ebro River
and delta. Water Resources Development 19 (3), 485e500.
Iba´n˜ez, C., Alcaraz, C., Caiola, N., Rovira, A., Trobajo, R.,
Alonso, M., Duran, C., Jime´nez, P.J., Munne´, A., Prat, N., 2012.
Regime shift from phytoplankton to macrophyte dominance
in a large river: top-down versus bottom-up effects. Science of
the Total Environment 416, 314e322. doi:10.1016/
j.scitotenv.2011.11.059.
Jime´nez, J.A., Sa´nchez-Arcilla, A., 1993. Medium-term coastal
response at the Ebro Delta, Spain. Marine Geology 114,
105e118.
Jime´nez, J.A., Ametller, S., Sa´nchez-Arcilla, A., 1995. A first
morphological behaviour model for the Ebro Delta coast. Paper
presented at Midterm Workshop of Meddelt Project, Arles,
France.
Karlsson, M., Rahmberg, M., 1999. Assessment of Suspended
Sediment Variability in the Odzi River, Zimbabwe. Minor Field
Study, No. 53. Uppsala University, Sweden.
Leps, J., Smilauer, P., 2003. Multivariate Analysis of Ecological
Data Using CANOCO. Cambridge University Press, Cambridge.
Lewis, W.M., Saunders III, J.F., 1984. Cross-sectional variation in
the chemistry and suspended sediment load of the Orinoco
River at Ciudad Bolivar. Acta Cientı´fica Venezolana 35,
382e385.
Madej, M.A., 2005. The role of organic matter in sediment budgets
in forested terrain. In: Horowitz, A.J. Walling, D.E. (Ed)
Sediment Budgets 2. e Proceedings International Symposium
on Sediment Budgets, Foz do Iguacu, Brazil, April 2005.
Mayorga, E., Aufdenkampe, A., 2002. Processing of bioactive
elements in the Amazon River system. In: McClain, M.E. (Ed.),
The Ecohydrology of South American Rivers and Wetlands.
IAHS Special Publication, vol. 6. IAHS Press, Paris, pp. 1e24.
Markham, A.J., Thorne, C.R., 1992. Geomorphology of gravel bed
River bends. In: Billi, P., Hey, R.D., Thorne, C.R., Tacconi, P.
(Eds.), Dynamics of Grave-bed Rivers. John Wiley & Sons Ltd.,
Chichester, pp. 433e450.
Maza-A´lvarez, J.A., Garcı´a-Flores, M., 1996. Transporte de
sedimentos (Sediment transport). In: Manual de Ingenierı´a de
Rı´os, Series del Instituto de Ingenierı´a, vol. 584. UNAM, Me´xico
(Chapter 10, in Spanish).
Minshall, G.W., 1996. Organic matter budgets. In: Hauer, F.R.,
Lamberti, G.A. (Eds.), Methods in Stream Ecology. Academic
Press, New York, pp. 591e605.
Molla´, S., Robles, S., Casado, C., 2006. Seasonal variability of
particulate organic matter in a mountain stream in central
Spain. International Review of Hydrobiology 91 (5), 406e422.
Mun˜oz, I., Prat, N., 1989. Effects of river regulation on the lower
Ebro river (NE Spain). Regulated Rivers: Research and
Management 3 (1), 345e354.
Ongley, E.D., 1996. Control of Water Pollution from Agriculture.
In: FAO Irrigation and Drainage Paper No. 55. Food and
Agriculture Organization of the United Nations, Rome, 101 p.
Ongley, E.D., Blachford, D.P., 1982. Application of continuous flow
centrifugation to contaminant analysis of suspended
sediment in fluvial systems. Environmental Technology
Letters 3, 21e228.Phillips, J.M., Walling, D.E., 1995. An assessment of the effects of
sample collection, storage and resuspension on the
representativeness of measurements of the effective particle
size distribution of fluvial suspended sediment. Water
Research 29, 2498e2508.
Phillips, J.M., Russell, M.A., Walling, D.E., 2000. Time-integrated
sampling of fluvial suspended sediment: a simplemethodology
for small catchments. Hydrological Processes 14, 2589e2602.
Rovira, A., Batalla, R.J., 2006. Temporal distribution of suspended
sediment transport in a Mediterranean basin: the Lower
Tordera (NE Spain). Geomorphology 79, 58e71.
Rovira, A., Iba´n˜ez, C., 2007. Sediment linkages between the river
catchment and the sea. Journal of Soils and Sediments 7 (5),
285e295.
Roura, M., Armengol, J., Fernando, J., Dolz, J., 2008. Impact of
Ribarroja and Mequinenza reservoirs on the suspended load
transport in the Ebro River (Incidencia en los embalses de
Mequinenza y Ribarroja en el transporte so´lido en suspensio´n
del rı´o Ebro). Ingenierı´a del Agua 15 (4), 221e229.
Sanz, M.E., Avendan˜o, C., Cobo, R., 1999. Influencia de los
embalses en el transporte de sedimentos en el rı´o Ebro
(Espan˜a) (Influence of the reservoirs over the sediment
transport in the Ebro River (Spain)). In: Congress on
Hydrological and Geochemical Processes in Large-scale River
Basins. HIBAM, Shahim.
Sedell, J.R., Naiman, R.J., Cummins, K.W., Minshall, G.W.,
Vannote, R.L., 1978. Transport of particulate organic matter in
streams as a function of physical processes. Verhandlungen
der Internationalen Vereinigung fu¨r Theoretische und
Angewandte Limnologie 20, 1366e1375.
Sokal, R.R., Rohlf, F.J., 1995. Biometry: The Principles and Practice
of Statistics in Biological Research. Freeman, New York.
Tabachnick, B.G., Fidell, L.S., 2001. Using Multivariate Statistics.
Allyn and Bacon, Boston.
Tena, A., Batalla, R.J., Vericat, D., Lo´pez-Tarazo´n, J.A., 2011.
Suspended sediment dynamics in a large regulated river over
a 10-year period (the lower Ebro, NE Iberian Peninsula).
Geomorphology 125, 73e84. doi:10.1016/
j.geomorph.2010.07.029.
Thomas, R.B., 1985. Measuring Suspended Sediment in Small
Mountain Streams. General Technical Report PSW-83. USDA,
Forest Services. 1e9.
Townsend-Small, A., McClain, M.E., Hall, B., Noguera, J.L.,
Llerena, C.A., Brandes, J.A., 2008. Suspended sediments and
organic matter in mountain headwaters of the Amazon River:
results from a 1-year time series study in the central Peruvian
Andes. Geochimica et Cosmochimica Acta 72, 732e740.
Vanoni, V.A., 1977. Sedimentation Engineering. American Society
of Civil Engineers Task Committee (for the Preparation of the
Manual on Sedimentation of the Sedimentation Committee of
the Hydraulics Division).
Varela, J.M., Gallardo, A., Lo´pez de Velasco, A., 1986. Load trapped
at the Mequinenza and Ribarroja Reservoirs. Effects in the
Ebro Delta (Retencio´n de so´lidos por los embalses de
Mequinenza y Ribarroja. Efectos sobre los aportes al Delta del
Ebro). In: Marin˜o, M. (Ed.), El sistema integrado del Ebro.
Gra´ficas Hermes, Madrid, pp. 203e219 (In Spanish).
Vericat, D., Batalla, R.J., 2005. Sediment transport in a highly
regulated fluvial system during two consecutive floods (Lower
Ebro River, NE Spain). Earth Surface, Processes and Landforms
30, 385e402. doi:10.1002/esp.1145.
Vericat, D., Batalla, R.J., 2006. Sediment transport in a large
impounded river: the lower Ebro, NE Iberian Peninsula.
Geomorphology 79 (1e2), 72e92. doi:10.1016/
j.geomorph.2005.09.017.
Vericat, D., Batalla, R.J., Garcia, C., 2006. Breakup and
reestablishment of the armour layer in a large gravel-bed river
wat e r r e s e a r c h 4 6 ( 2 0 1 2 ) 3 6 7 1e3 6 8 1 3681below dams: the lower Ebro. Geomorphology 76, 122e136.
doi:10.1016/j.geomorph.2005.10.005.
Vogel, J.L., Beauchamp, D.A., 1999. Effects of light, prey size, and
turbidity on reaction distances of lake trout (Salvelimus
namaycush) to salmonid prey. Canadian Journal of Fisheries
and Aquatic Sciences 56, 1293e1297.
Wallace, J.B., Grubaugh, J.W., 1996. Transport and storage of
FPOM. In: Hauer, F.R., Lamberti, G.A. (Eds.), Methods in Stream
Ecology. Academic Press, New York, USA, pp. 191e215.Waters, T.F., 1995. Sediment in streams. American Fisheries
Society Monograph 7 (Bethesda, Maryland, USA).
Wilzbach, M.A., Cummins, K.W., Madej, M.A., 2009. Composition
of the suspended load as a measure of stream health. Cal Fire
Contract with Humboldt State University Sponsored Programs
Foundation 1.22-1757. Final report.
Wren, D.G., Barkdoll, B.D., Kuhnle, R.A., Derrow, R.W., 2000. Field
techniques for suspended-sediment measurement. Journal of
Hydraulic Engineering 126 (2), 97e104.
